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Space/Earth System 
Models 

Radiation Dose Rates: 
HZETRN (physics-based) 

Near-Earth Space Environment 
• Badhwar/O’Neill GCR Model 

• Semi-Physics Cutoff Rigidity 

( IGRF+TS05) 

• Physics-based Cutoff Rigidity 

(LFM/CMIT+SEP-trajectory)  

Value & Benefits 
to Society 

Improvements in the decision-
making, decisions, and actions 
First-ever, data-driven, real-time 
prediction of biologically harmful 

radiation exposure levels at 
airline altitudes 

Quantitative and qualitative 
benefits from the improved 

decisions 
Comprehensive database of 
radiation exposure rates to 
formulate recommended annual 
and career limits to ionizing 
radiation exposure 
Comprehensive database of 
radiation exposure rates for 
airlines to assess cost/risk of 
polar routes 

Real-time prediction of 
radiation exposure levels to 
enable optimal balance 
between airline cost and air 
traveler health risk during 
solar storm (SEP) events 

Improve understanding of 
biological effects of 
atmospheric ionizing radiation 
on aircrew and passengers 
through collaboration of 
epidemiological studies by 
NIOSH  

Predic'ons/Forecasts	  

Observa'ons,	  Parameters	  &	  
Products	  

Space/Earth 
Observations 

Near-Earth Space Environment 
NASA/ACE 

NASA/HEAO-3 

NOAA/GOES 
Assimilated Atmospheric 

Atmospheric Depth (NCEP/GFS) 

Ground-Based 
Neutron Count Monitors 

Nowcast	  of	  Atmospheric	  Ionizing	  Radia'on	  for	  Avia'on	  Safety	  (NAIRAS)	  

Ionizing Radiation 
Nowcast 

4-D Effective Dose 

4-D Ambient Dose Equiv. 

4-D Differential Flux  

NAIRAS Distributed 
Network System 
High-Performance 
Computer Systems 

 Server Interface  

Operational and Archival 
Databases 

Differential Particle Flux 
HZE Particles (A=5-56) 

Light-Ions (A=1-4) 
Neutrons 

Pions and Muons 

Electromagnetic 
Cascasde Particles 

Decision Support 
Systems, Assessments, 

Management Actions 

NAIRAS decision support tool 
for NOAA/SWPC space 

weather forecasts, warnings, 
and advisories 

NAIRAS available at public 
website & NOAA/ADD 

experimental aviation-related 
weather forecasts, 

observations, and analysis 

Specific analyses to support 
the decision making 

Predict real-time radiation 
exposure at airline altitudes 
(includes background GCR 
and SEP events) 

Provide accumulated radiation 
exposures for representative 
set of domestic, international, 
and polar routes 

Specific Decisions / Actions 
Limit aircrew flight hours to 
within recommended annual 
and career limits 

Alter route and/or altitude 
during SEP events 
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―  Real-‐'me	  magnetospheric	  transport	  	  /	  geomagne'c	  shielding	  model	  	  	  

•  Mike	  Wiltberger	  and	  Stan	  Solomon	  (Co-‐I),	  NCAR/HAO,	  Boulder,	  CO	  
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―  Aircra7	  radia'on	  measurement	  data	  for	  V&V;	  epidemiological	  studies	  	  

•  Steve	  Bla]nig	  (Collaborator),	  NASA	  Langley	  Research	  Center,	  Hampton,	  VA	  
―  Cosmic	  ray	  nuclear	  interac'ons;	  transport	  physics	  

•  Bill	  Atwell	  (ARMAS	  Collaborator),	  Boeing,	  Houston,	  TX	  
―  Radia'on	  measurement	  data	  analysis	  

•  Xiaojing	  Xu	  (Collaborator),	  SSAI,	  Hampton,	  VA	  
―  Scien'fic	  programming	  and	  data	  visualiza'on	  tools	  
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NIOSH	  Exposure	  	  
Assessment	  of	  	  
US	  	  Commercial	  Pilots	  

Poster	  6/10	  Soc	  Epi	  Res;	  
manuscript	  in	  review	  

FIRST	  STUDY	  OF	  
•  US	  commercial	  pilot	  career	  exposure	  profile	  
from	  individual	  flight	  segments:	  
•  Cosmic	  radia'on	  
• 	  	  	  Solar	  energe'c	  par'cle	  events	  
•  	  Chronic	  circadian	  disrup'on	  

FINDINGS	  	  	  	  
•  A	  median	  pilot	  incurred	  	  

•  34.4	  mSv	  GCR	  and	  flew	  through	  6	  SEPs	  	  
	  in	  28	  y	  flying	  

•  1.92	  mSv	  in	  the	  last	  study	  year	  
• 	  	  Exposure	  metrics	  increased	  markedly	  	  1990+	  	  	  	  	  	  

IMPLICATIONS	  
• 	  	  No	  dose	  limits	  for	  US	  crew	  
•  Median	  pilot	  would	  trigger	  EU	  radia'on	  
monitoring	  (>1mSv/y)	  

•  A	  pregnant	  female	  pilot	  could	  exceed	  ICRP	  
guidelines	  for	  pregnant	  radia'on	  workers	  	  

•  High-‐exposed	  pilots	  at	  increased	  risk	  

Image	  courtesy	  of	  Kanzelhöhe	  Observatory	  



Outline	  

•  NAIRAS	  Model	  Overview	  
•  NAIRAS	  Real-‐Time	  Products	  

•  NAIRAS	  Radia'on	  Storm	  Studies	  

•  Space	  Weather:	  Needed	  Improvements	  

•  Summary	  Remarks	  



Real-‐'me	  Neutron	  	  
Monitor	  Data	  

(e.g.,	  IZMIRAN	  and	  	  
LOMNICKY)	  

Nowcast	  of	  Atmospheric	  Ionizing	  Radia'on	  for	  Avia'on	  Safety	  (NAIRAS)	  Model	  

HZETRN	  	  
+	  

Dosimetry	  

Fit	  to	  Climax	  HP	  

Badhwar+O’Neill	  GCR	  Model	  

NOAA/GOES	  +NASA/ACE	  Data	  

Spectral	  Finng	  

Magnetospheric	  	  
Magne'c	  Field	  
(e.g.,	  T05)	  
Effects	  on	  	  

Cutoff	  Rigidity	  

Cutoff	  Rigidity	  (IGRF)	  

Atmospheric	  Density	  

NCEP/GFS	  

Atmospheric	  Dose	  
and	  Dose	  Equivalent	  

NASA/ACE	  Solar	  
Wind	  and	  IMF	  Data	  



web\index.html	  

NAIRAS	  Real-‐Time	  Tabular/Graphics	  
Products	  

Google	  NAIRAS	  

Streaming	  Live	  Since	  April	  2011!	  









NAIRAS	  Real-‐Time	  Predic'ons	  Available	  
on	  iPhone	  app	  

Search	  “SpaceWx”	  



Halloween	  2003	  



January	  2005	  



Carrington	  Event	  

•  SEP	  Spectral	  Fluence	  [Smart	  et	  al.,	  2006;	  
Townsend	  et	  al.,	  2006]	  
– Five	  measured	  spectral	  shapes	  considered	  	  

o August	  1972	  (so7)	  
o September	  1989	  (hard)	  

– Spectral	  shapes	  normalized	  to	  >30	  MeV	  proton	  
fluence	  determined	  by	  impulsive	  NOy	  deposi'on	  
in	  polar	  ice	  cores	  [McCracken	  et	  al.	  2001]	  	  	  

– Lack	  of	  	  detectable	  increase	  in	  annual	  10Be	  
deposi'on	  in	  polar	  ice	  favors	  a	  so7	  spectrum	  	  



Carrington	  Event	  

•  Geomagne'c	  Storm	  [Li	  et	  al.,	  2006]	  
– H-‐component	  depression	  measured	  in	  India	  and	  
taken	  as	  Dst	  

–  Solar	  wind	  shock	  velocity:	  determined	  from	  'me	  
between	  flare	  and	  magne'c	  disturbance	  

–  Temerin	  and	  Li	  [2002]	  Dst	  model	  fits	  measured	  H-‐
component	  depression	  
o Interplanetary	  Ey	  =	  VxBz	  determine	  maximum	  Dst	  
depression	  

o Large	  solar	  wind	  density	  	  (to	  calculate	  dynamic	  pressure)	  
needed	  to	  reproduce	  rapid	  recovery	  



Carrington	  1859	  
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Carrington	  1859	  









SEP	  Ion	  Flux	  High-‐Energy	  Tail	  
Emerging	  Science	  Ques'ons	  	  

•  SEP	  ion	  spectral	  fluence	  rates	  
unconstrained	  by	  measurements	  >	  ~	  
500	  MeV/n	  

•  This	  implies	  large	  uncertain'es	  in	  
atmospheric	  dose	  rates	  

•  Retrospec've	  SEP	  dose	  calcula'ons	  
differ	  by	  order	  of	  magnitude	  [Dyer	  et	  
al.,	  2009]	  

•  Need	  ~	  1	  GeV	  detectors	  on	  satellite	  
•  Can	  available	  world-‐wide	  network	  of	  

real-‐'me	  neutron	  monitor	  data	  be	  
used	  to	  constrain	  high-‐energy	  tail	  for	  
robust,	  real-‐'me	  applica'ons?	  

–  Are	  neutron	  monitor	  yield	  func'ons	  
sufficiently	  accurate?	  

–  Ini'ally	  compare	  with	  neutron	  monitor	  
count	  rates	  not	  used	  in	  the	  fit	  

–  Need	  future	  onboard	  radia'on	  
measurements	  for	  defini've	  V&V	  

Poten'al	  improvement	  in	  
spectral	  fits	  by	  combining	  
satellite	  ion	  flux	  measurements	  
with	  neutron	  monitor	  data:	  
• 	  Protons:	  ~	  100	  keV	  to	  ~	  10	  GeV	  
• 	  Alphas:	  ~	  1	  MeV	  to	  ~	  5	  GeV	  	  



10/27/0310/29/0310/31/0350556065IGRF magnetic lat. (deg)UT hoursNorth enter  SAMPEXTS0510/27/0310/29/0310/31/0350556065IGRF magnetic lat. (deg)UT hoursNorth exit  SAMPEXTS0510/27/0310/29/0310/31/0350556065ABS IGRF magnetic lat. (deg)UT hoursSouth enter  SAMPEXTS0510/27/0310/29/0310/31/0350556065ABS IGRF magnetic lat. (deg)UT hoursSouth exit  SAMPEXTS05

Cutoff	  La'tude	  of	  ~	  20	  MeV	  protons	  

• TS05	  cutoff	  la'tude	  accuracy:	  ~	  2-‐degrees	  
• TS05	  cutoff	  accuracy	  significantly	  be]er	  	  
LFM/MHD	  code	  	  
• 	  2-‐degree	  cutoff	  uncertainty	  in	  la'tude	  	  
can	  translate	  into	  factor	  ~2	  or	  greater	  aircra7	  	  
dose	  uncertainty	  

Halloween	  2003	  Geomagne'c	  Storm	  



Flight	  Path	  Comparison	  
Geomagne'c	  Effects	  

•  LHR-‐JFK	  flight	  path	  
–  Significant	  differences	  

because	  flight	  comes	  
near	  to	  or	  crosses	  the	  
open/closed	  field	  line	  
boundary	  

–  Geomagne'c	  effects	  
introduce	  a	  factor	  ~	  2	  or	  
greater	  varia'on	  in	  dose	  

•  ORD-‐PEK	  flight	  path	  
–  Limited	  differences	  since	  

both	  models	  include	  
passage	  into	  polar	  cap	  

–  Significant	  dosage	  is	  
seen	  in	  both	  cases	  



NAIRAS	  V&V	  and	  Data	  Assimila'on	  
Plan	  
NAIRAS	  
Model	  

Physics	  V&V	  
NASA-‐DLR	  SOFIA	  

Real-‐Time	  Data	  Assimila'on	  
Dosimetry	  V&V	  	  

Automa'c	  Radia'on	  Measurements	  for	  Avia'on	  Safety	  
ARMAS	  

Historical	  Data	  
V&V	  

SET	  Data	  Ingest	  Gateway	   Meas.	  

Model	  

DLR	   NIOSH	  

EURO-‐
DOSE	  

ICRP/	  
ICRU	  

PLANET
COSMIC
(Titan)	  

Phase	  I	   Phase	  II	   Phase	  III	  

Single	  Flights	  
Tech.	  Demo	  

FedEx	  

Rep.	  Con'nuous	  
Flights	  

Inter-‐calibra'on	  
Airdat/TAMDAR	  

Con'nuous	  
Global	  Flights	  
Data	  Assim.	  

Airdat/TAMDAR	  
FedEx/Comm.	  

CRESSE	  

Neutron/charged	  par'cle	  
Spectrometers	  
dosimeters	  

Two	  decades	  
1000	  hr/yr	  

High-‐al'tudes	  
La'tude	  Surveys	  

Model	  Improvements	  

Uncertainty	  Characteriza'on	  

Model	  Improvements	  

Uncertainty	  Characteriza'on	  

Kalman	  Filter	  

Level	  2	  Level	  2	  

Kalman	  Filter	  

Level	  0	   Level	  0	   Level	  0	  



ARMAS	  Program	  

•  ARMAS	  
–  Automated	  Radia'on	  Measurements	  for	  Avia'on	  Safety	  

•  NASA/SBIR	  project	  lead	  by	  Space	  Environment	  
Technologies	  
–  Phase	  I	  selected	  for	  funding	  to	  address	  Phase	  I	  of	  NAIRAS	  
Decadal	  Roadmap	  for	  V&V	  and	  Data	  Assimila'on	  of	  
Radia'on	  Measurements	  

•  ARMAS	  Team	  
–  Kent	  Tobiska	  (PI),	  Space	  Environment	  Technologies	  
–  Brad	  Gersey	  (Co-‐I),	  CRESSE,	  Prairie	  View	  A	  &M	  
–  Bill	  Atwell	  (Collaborator),	  Boeing	  
–  Chris	  Mertens	  (Collaborator/Customer),	  NASA	  LaRC	  	  



Summary	  Remarks	  

•  Main	  Summary	  
– NAIRAS	  is	  now	  streaming	  live	  from	  our	  public	  
website	  and	  available	  as	  an	  iPhone	  app!	  

– NIOSH	  sta's'cal	  study	  shows	  median	  US	  pilot	  
would	  trigger	  monitoring	  in	  EU	  States	  

–  ICRP	  prenatal	  and	  annual	  public	  limits	  can	  be	  
exceeded	  during	  high-‐la'tude	  SEP	  events	  	  

– A	  Carrington-‐like	  event	  can	  result	  in	  ICRP	  
prenatal	  and	  annual	  limits	  exceeded	  on	  nearly	  all	  
US	  flights	  –	  domes'c	  and	  interna'onal	  



Backup	  Slides	  



GCR	  Exposure	  	  

ICRP	  Public/Prenatal	  

EU	  Ac'on	  Level	  



Aircra7	  Radia'on	  Exposure	  
Medical	  Research	  

•  Cosmic	  rays	  can	  directly	  break	  DNA	  strands	  in	  biological	  'ssue,	  or	  
produce	  chemically	  ac've	  radicals	  in	  'ssue	  that	  alter	  the	  cell	  
func'on	  [Wilson	  et	  al.,	  2005,	  2003]	  
–  Both	  can	  lead	  to	  cancer	  

•  Other	  adverse	  health	  effects	  include,	  but	  are	  not	  limited	  to,	  
reproduc've	  disorder	  and	  prenatal	  injury	  [Lauria	  et	  al.,	  2006;	  
Waters	  et	  al.,	  2000;	  Aspholm	  et	  al.,	  1999]	  

•  Because	  aircrew	  total	  career	  dose	  is	  received	  is	  low	  doses	  per	  
flight,	  and	  accumulated	  slowly	  over	  the	  length	  of	  a	  flying	  career,	  
the	  direct	  evidence	  that	  a	  person	  can	  develop	  cancer	  as	  a	  result	  of	  
cosmic	  radia'on	  is	  inconclusive	  
–  Other	  lifestyle	  risk	  factors	  exist	  over	  a	  flying	  career	  

•  However,	  radia'on	  protec'on	  community	  accepts	  the	  Linear	  No	  
Threshold	  (LNT)	  theory	  
–  Every	  radia'on	  exposure	  will	  have	  an	  effect	  on	  human	  health	  



Aircra7	  Radia'on	  Exposure	  
Recommenda'ons	  and	  Ac'ons	  

•  USA	  
–  ICRP	  recommenda'ons	  for	  occupa'onal	  exposures	  (<	  20	  mSv/yr,	  <	  1	  

mSv	  during	  pregnancy)	  
–  ICRP	  recommenda'on	  during	  pregnancy	  (<	  0.5	  mSv	  in	  any	  month)	  
–  ICRP	  recommenda'on	  for	  public	  (<	  1	  mSv)	  	  

•  Current	  development	  of	  SpWx/aircra7	  radia'on	  requirements	  

ICAO	   WMO	  
SpWx	  User	  

Requirements	  

CPWG	  
SpWx	  User	  
Needs	  

FAA	  SpWx	  
AWG	  User	  
Needs	  	  

FAA	  
NOAA/
SWPC	  

Radia'on	  assessment	  

Radia'on	  measurements/predic'ons	  

ICAO:	  Interna'onal	  Civil	  Avia'on	  Organiza'on	  



NAIRAS/Qantas-‐TEPC	  Comparison	  



NAIRAS/DLR-‐TEPC	  Comparisons	  

TEPC	  data	  courtesy	  of	  MaNhias	  Meier	  



NAIRAS/DLR-‐TEPC	  Comparisons	  

TEPC	  data	  courtesy	  of	  MaNhias	  Meier	  


